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Teaching and Learning
What does 
the student 
know?
Have they achieved the 
course learning objectives?
Psychometrics.
Exams as Measurement Instruments
Issues of  Measurement
Reliability: If we tested the group again, would we get 
the same result?
Validity: Are we actually measuring the trait we think 
we are testing?
Invariance:  Can we use the results of this test to 
meaningfully compare this group to another?
Exam Analysis & Refinement
Dichotomous vs. polytomous exam data.
Item Diﬃculty:  How hard is a given question?
Item Discrimination: How eﬀective is a question in 
distinguishing two closely matched students?
Internal Consistency:  Inter-item consistency; length of 
exam.
Theoretical Approaches to 
Psychometrics
Classical Test Theory (CTT)
Item Response Theory (IRT)
Generalizability Theory (G Theory)
W2011 Final Exam General Chemistry II
2 hours duration; two equally weighted parts (multiple 
choice and written answer)
Multiple choice consisted of 25 questions.
Two versions of exam given with shuﬄed questions to 
discourage copying.
Thermodynamics, Electrochemistry, Reaction Kinetics 
(5-10-10 MC questions).
Exam analysis of MC only (dichotomous data).
CTT Analysis: Some Variables
1645
25
Some Equations for CTT
Final Exam, MC: W2011
Version 1 Version 2 Combined
Nstudent
<s>
σ2student
σstudent
824 821 1645
15.44 (61.8%) 14.98 (60.0%) 15.21 (60.8%)
16.77 17.29 17.08
4.10 4.16 4.13
Item Difficulty & 
Discriminating Power
Each question measured for both properties.
Diﬃculty measurement is just the fraction of students 
who got the answer correct. (Definition consistent with 
theory, but conceptually should be fraction who get it 
wrong?)
Discriminating Power:  Two approaches
Item Discrimination Index
Point Bi-Serial R Correlation Coeﬃcient
Item Discrimination Index
Select top portion of class (I chose top 30%) and 
corresponding bottom portion of class (based on MC 
exam grade).
Fraction of students in top portion who answered 
question correctly minus fraction of students in 
bottom portion who answered it correctly.
The greater the diﬀerence, the more discriminating the 
question.
Point Bi-Serial R Coefficient
Determine the average exam score of those who 
answered the question correctly and the average exam 
score of those who answered it incorrectly.
Also need to calculate the variance on the question and 
the variance on the whole exam.
The larger R, the more discriminating the question.
Question Difficulty - CTT
Electrochemistry
V1 V2 Combined
1
2
3
4
5
6
7
8
9
10
0.874 0.870 0.872
0.618 0.644 0.631
0.363 0.298 0.331
0.458 0.459 0.458
0.585 0.591 0.588
0.551 0.502 0.526
0.379 0.376 0.378
0.432 0.391 0.412
0.745 0.703 0.724
0.581 0.561 0.571
Reaction Kinetics
V1 V2 Combined
16
17
18
19
20
21
22
23
24
25
0.794 0.765 0.779
0.920 0.892 0.906
0.862 0.857 0.860
0.671 0.611 0.641
0.502 0.493 0.498
0.754 0.734 0.744
0.856 0.847 0.851
0.268 0.250 0.259
0.869 0.884 0.877
0.635 0.609 0.622
Thermodynamics
V1 V2 Combined
11
12
13
14
15
0.296 0.313 0.305
0.635 0.622 0.629
0.745 0.685 0.715
0.275 0.279 0.277
0.774 0.742 0.758
Hardest question
Easiest question
Item Discrimination Index -CTT
Electrochemistry
V1 V2 Combined
1
2
3
4
5
6
7
8
9
10
0.154 0.187 0.172
0.348 0.325 0.347
0.485 0.429 0.485
0.297 0.207 0.265
0.521 0.535 0.537
0.370 0.335 0.378
0.489 0.426 0.495
0.498 0.396 0.468
0.367 0.381 0.383
0.609 0.503 0.586
Reaction Kinetics
V1 V2 Combined
16
17
18
19
20
21
22
23
24
25
0.379 0.369 0.378
0.171 0.206 0.194
0.269 0.267 0.253
0.511 0.488 0.521
0.546 0.457 0.530
0.398 0.414 0.425
0.235 0.234 0.238
0.347 0.262 0.335
0.300 0.199 0.249
0.518 0.412 0.492
Thermodynamics
V1 V2 Combined
11
12
13
14
15
0.352 0.344 0.368
0.426 0.399 0.430
0.309 0.438 0.385
0.204 0.198 0.200
0.290 0.315 0.310
Most discriminating question
Least discriminating question
Point Bi-Serial R Coefficient - CTT
Electrochemistry
V1 V2 Combined
1
2
3
4
5
6
7
8
9
10
0.225 0.262 0.243
0.302 0.323 0.310
0.427 0.456 0.443
0.279 0.215 0.246
0.461 0.489 0.474
0.334 0.335 0.336
0.448 0.433 0.440
0.440 0.405 0.424
0.351 0.398 0.376
0.516 0.493 0.505
Reaction Kinetics
V1 V2 Combined
16
17
18
19
20
21
22
23
24
25
0.398 0.407 0.403
0.284 0.322 0.305
0.340 0.308 0.323
0.468 0.484 0.478
0.455 0.432 0.444
0.394 0.431 0.413
0.316 0.300 0.308
0.371 0.313 0.343
0.382 0.311 0.344
0.457 0.403 0.430
Thermodynamics
V1 V2 Combined
11
12
13
14
15
0.352 0.351 0.350
0.367 0.382 0.375
0.307 0.412 0.364
0.204 0.217 0.210
0.310 0.352 0.333
Most discriminating question
Least discriminating question
Combined Results
Poor questions
Hard questions
Good questions
Easy questions
Electrochemistry
Difficulty Bi-serial Disc. Index
1
2
3
4
5
6
7
8
9
10
0.872 0.243 0.172
0.631 0.310 0.347
0.331 0.443 0.485
0.458 0.246 0.265
0.588 0.474 0.537
0.526 0.336 0.378
0.378 0.440 0.495
0.412 0.424 0.468
0.724 0.376 0.383
0.571 0.505 0.586
Reaction Kinetics
Difficulty Bi-serial Disc. Index
16
17
18
19
20
21
22
23
24
25
0.779 0.403 0.378
0.906 0.305 0.194
0.860 0.323 0.253
0.641 0.478 0.521
0.498 0.444 0.530
0.744 0.413 0.425
0.851 0.308 0.238
0.259 0.343 0.335
0.877 0.344 0.249
0.622 0.430 0.492
Thermodynamics
Difficulty Bi-serial Disc. Index
11
12
13
14
15
0.305 0.350 0.368
0.629 0.375 0.430
0.715 0.364 0.385
0.277 0.210 0.200
0.758 0.333 0.310
Internal Consistency of  Exam
Thorough procedures to estimate reliability include 
test-retest, split-half, or alternate forms approaches. 
This is very diﬃcult to do.
Common substitute uses internal cosistency, 
estimated using Cronbach’s alpha or Kuder-
Richardson 20 (KR-20) which are identical for 
dichotomous data.
Value above 0.6 is acceptable, above 0.75 preferable, 
above 0.85 is excellent.
=0.74
CTT Conclusions
Exam was reasonably reliable.
Could look at some of the easiest and hardest questions 
to see if they could be improved.
Similar consideration of the poorly discriminating 
questions.  (Essentially the same questions as above.)
Some limitations from CTT are that the item 
information is not transferable to a diﬀerent exam 
except through a non-linear transformation.
IRT Approach
We are attempting measure a latent trait (e.g. ability at 
Chemistry) in each student.  Each student has their 
own unique strength in this trait.
We are using a series of questions to probe this latent 
trait.  Each question has its own unique level of 
diﬃculty.
The probability a given student will correctly answer a 
question depends upon the diﬀerence between their 
ability and the question’s diﬃculty.
Z-Scores
To relate student performance between exams, scale 
each student’s exam scores around the class average in 
units of standard deviation.
A student with a score of 0 is performing at the class average.
A student with a score of +1 is performing at one standard 
deviation above the class average.
Useful scale range is -3 to +3.
Measure question diﬃculty and student trait ability on same scale.
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Ability or Difficulty
Ideal Question
All students whose ability exceeds the item’s diﬃculty 
will get the question right; all others get it wrong.
An item with 
diﬃculty of +0.5
Typical question 
behaviour.
IRT Models
1 Parameter Model:  Diﬀerence between ability and 
diﬃculty, with the same scaling parameter 
(discrimination) for all questions.
2 Parameter Model:  Additionally, each question has its 
own scaling parameter.
3 Parameter Model:  Add in a parameter to account for 
student success by guessing.
Logistic Function Model
IRT originally modeled out of the normal probability 
distribution, and used the cumulative distribution 
function, called a normal ogive function.  Calculations 
require integration.
Simpler model used exclusively now is the logistic 
function.  
Logistic Functional Form
θ is the student ability parameter.
a is the question discrimination parameter.
b is the question diﬃculty parameter.
c is the question guessing parameter.
Mathematical Challenge
Given student scores (0 or 1) for all questions.
Need to assign a student ability (θi) for each student 
(1645 students).
Need to assign a question diﬃculty (bj) and 
discrimination (aj) for all 25 questions.
These 1705 parameters have to be specified to fit the 
probability of correct responses for all students to all 
questions to the logistic function for each equation.
Joint Maximum Likelihood Estimation (JMLE)
Marginal Maximum Likelihood Estimation (MMLE)
Same W2011 Final Exam
Focus on the exam: 50 parameters for 25 questions
Electrochemistry
Difficulty Discrimination
1
2
3
4
5
6
7
8
9
10
-2.492 0.846
-0.897 0.675
0.612 1.270
0.371 0.407
-0.375 1.392
-0.205 0.745
0.431 1.224
0.307 1.155
-1.057 1.106
-0.288 1.675
Reaction Kinetics
Difficulty Discrimination
16
17
18
19
20
21
22
23
24
25
-1.130 1.448
-1.890 1.484
-1.722 1.268
-0.528 1.617
-0.048 1.169
-1.020 1.336
-1.860 1.089
1.233 0.906
-1.638 1.516
-0.551 1.186
Thermodynamics
Difficulty Discrimination
11
12
13
14
15
1.010 0.854
-0.704 0.896
-1.136 0.946
2.855 0.335
-1.377 0.960
Most discriminating question
Least discriminating question
Hardest question
Easiest question
Item Response Function (IRF)
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Student Trait Ability
Q1
Q14
Q10 Q8
Information
How much information does a specific question 
provide when attempting to resolve the diﬀerence 
between two students of similar ability?
The question’s discriminating power.
The question’s diﬃculty with respect to the student’s 
ability.
An easy question for two strong students.
A hard question for two weaker students.
Information
Largest diﬀerence in outcome will occur where the 
probability is changing most quickly with trait ability.
Depends directly on the slope - first derivative - of IRF 
of the question.
Item Information Function (IIF).  Sum all IIF to 
obtain Test Information Function (TIF).
Information Content
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Why Do This?
Wieman: “Need to approach the study of science 
education like scientists.”  Diminish our need to rely on 
anecdotal evidence.
Improve the standing of Discipline-Based Education 
Research (DBER).
Greater credibility with our disciplinary colleagues.
Greater credibility with government funding agencies.
Significantly assist our institutions to respond to the 
government push for increased accountability in higher 
education.
